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We searched for miRNAs that were down-regulated in chondrocytic cells and predicted to target
CCN2/connective tissue growth factor (CCN2/CTGF) that promotes endochondral ossiﬁcation. Among
them, expression of miR-18a was most strongly repressed in chondrocytic cells. Reporter gene anal-
ysis conﬁrmed the functionality of an miR-18a target in the 30-untranslated region of Ccn2 mRNA,
which was predicted in silico. Indeed, introduction of miR-18a efﬁciently repressed the CCN2 pro-
duction from chondrocytic cells. Finally, transfected miR-18a signiﬁcantly repressed the mature
chondrocytic phenotype. Our present study revealed a regulatory role for miR-18a in chondrocytic
differentiation through CCN2.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Micro RNAs (miRNAs) are 20–24 nucleotide non-coding RNA
molecules as mature forms. These molecules regulate the expres-
sion of target genes through at least two distinct mechanisms,
i.e., degradation of target mRNA transcripts [1,2] and inhibition
of mRNA translation [3]. Thus, involvement of miRNAs is suspected
in almost all of the biological events in eukaryotes [4].
Endochondral ossiﬁcation is a fundamental process occurring
during the skeletal development of vertebrates. This process is
under the control of a number of relevant hormones and growth
factors. Recently, among such molecules, CCN family protein
2/connective tissue growth factor (CCN2/CTGF) has been attracting
the interest of researchers as a factor with novel functions.
CCN2 plays a central role in endochondral bone formation
[5–7], through which the gene expression is under the strictchemical Societies. Published by E
Biochemistry and Molecular
edicine, Dentistry and Phar-
-8525, Japan. Fax: +81 86 235
(S. Kubota), takigawa@md.control at both transcriptional and post-transcriptional stages.
We have characterized the post-transcriptional control mechanism
acting through the 30-UTR of the Ccn2 gene and have uncovered the
involvement of novel post-transcriptional regulatory systems
mediated by particular cis-elements and their protein counterparts
[8,9]. On the other hand, the regulation of Ccn2 expression by
miRNAs through their binding to the 30-UTR still remains to be
investigated.
Recent studies indicated that the expression of a few miRNAs
was speciﬁcally increased in chondrocytes, suggesting that partic-
ular miRNAs are involved in chondrogenesis [10,11]. However,
little has been known concerning the role of miRNAs in endochon-
dral ossiﬁcation. Our purpose was to clarify the role of particular
miRNAs in regulating the chondrocytic phenotype via CCN2/CTGF.2. Materials and methods
2.1. In silico analysis
Prediction of miRNAs that target human CCN2 was performed
by an on-line program, Targetscan release 4.1 (http://www.target-
scan.org/).lsevier B.V. All rights reserved.
Fig. 1. Predicted miRNA targets in the human CCN2 30-UTR. (A) Diagram indicating
the approximate location of the predicted miRNA target sequences in the human
Ccn2 30-UTR. Long open box denotes the UTR ﬂanked by the coding sequence (CDS:
upstream) and poly (A) tail (downstream). Cis-repressive RNA elements that were
previously identiﬁed and designated ‘‘CAESAR” [8] and ‘‘30-100/50” [9] are also
displayed in rectangular frames with their names. Solid and open small boxes
indicate evolutionally conserved and non-conserved sequences, respectively, which
were predicted to be the targets of the corresponding miRNAs. (B) Representative
miRNA-target hybrids of the predicted combination with evolutionally conserved
sequences. Base pairs predicted to be critical by Targetscan 4.1. are combined by
vertical bars. (C) Nucleotide sequence alignment of the predicted miR-18 targets
found in the ccn2 mRNAs of ﬁve vertebrate species.
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The human chondrosarcoma-derived chondrocytic cell line
HCS-2/8, human cervical cancer-derived cell line HeLa and chicken
sternum chondrocytes were prepared and cultured at 37 C under
5% CO2 in Dulbecco’s modiﬁed Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), as described previously
[8,9,12].
2.3. Microarray analysis
The total RNAs of HCS-2/8 and HeLa cells were isolated with Iso-
gen (Nippon Gene, Tokyo, Japan) by following the manufacturer’s
protocol. Small RNAs were puriﬁed from these total RNAs, and were
analyzed with mirVanaTM miRNA Bioarray V2 (Ambion, Austin, TX,
USA) and FilgenArray Gallus gallus by Filgen Inc. (Nagoya, Japan).
2.4. Reporter gene constructs
The ﬁreﬂy luciferase–human Ccn2 30-UTR chimeric gene
construct, pGL3SS3 were constructed as described previously [8],
utilizing pGL3L(+) as a parental plasmid.
2.5. Synthetic miRNAs, DNA/RNA transfection, and luciferase assay
Mature miRNAs were synthesized by B-Bridge International Inc.
(Mountain View, CA, USA). Nucleotide sequences of the miR-18a
duplex are: sense, 50-UAAGGUGCAUCUAGUGCAGAUA-30 and anti-
sense, 50-ACUGCCCUAAGUGCUCCUUCU-30. A negative control with
a scrambled miRNA sequence was prepared by annealing two syn-
thetic RNAs: sense, 50-UACGUACUAUCGCGCGGAU-30 and anti-
sense, 50-AUCCGCGCGAUAGUACGUA-30. Twenty-four hours prior
to transfection, HCS-2/8 cells were seeded, and liposome-mediated
RNA transfection was performed with a 50 nM concentration of
each miRNA with 1 ll of Lipofectamine 2000 (Invitrogen), and
the cells were further cultured for 8 h. After a medium change,
the cells were co-transfected with 500 ng of a reporter construct
and 50 ng of phRL-TK (int-) control (Promega, Madison, WI, USA)
with the aid of Fugene 6 (Roche, Basel, Switzerland). The medium
was changed 24 h later, and the cells were lysed in 500 ll of a pas-
sive lysis buffer (Promega) or were processed for RNA isolation at
48 h after the reporter transfection. The cell lysate was directly
subjected to analysis by the Dual Luciferase assay system (Prome-
ga), as described previously [8].
2.6. Real-time reverse-transcription polymerase chain reaction
(RT-PCR)
Except for the reporter gene assay, the cells were transfected
with miR-18a or scrambled miRNA (30 nM ﬁnal conc. for each),
using 2 ll of Lipofectamine 2000 (Invitrogen). The transfection
procedure for the reporter gene assay is described in the previous
subsection. The medium was changed 24 h later, and then the cells
were harvested at indicated time points. Total RNA was isolated by
using an RNeasy Mini Kit (Qiagen, Hilden, Germany). Real-time
PCR was performed as previously described [12]. Data were stan-
dardized against the expression levels of glyceraldehyde 3-phos-
phate dehydrogenase gene (Gapdh) and were presented as
relative ratios. RNA samples from duplicates of two independent
sets were examined. Nucleotide sequences of the primers used
were as follows: ﬁreﬂy luciferase (forward, 50-CCGCCTGAAGTCTCT-
GATTA-30; reverse, 50-TCAACAAACACAACTCCTCC-30); Ccn2
(forward, 50-TGACTGCCCCTTCCCGAGAA-30; reverse, 50-TCTTCC-
AGTCGGTAGGCAGCTAGG-30); Gapdh: forward, 50-TCAAGGGC-
ATCCTGGGCTAC-30; reverse, 50-TCCACCACCCTGTTGCTGTA-30);
Col2a1 (type II collagen alpha1 chain: forward, 50-GAG-GGCAATAGCAGGTTCACGTA-30; reverse, 50-TGGGTGCAATGTCAAT-
GATGG-30); Aggrecan (forward, 50-TTCGGGCAGAAGAAGGAC-30;
reverse, 50-CGTGAGCTCCGCTTCTGT-30).
2.7. Enzyme-linked immunosorbent assay (ELISA)
CCN2 was quantiﬁed by using a sandwich ELISA system with
two different anti-human CCN2 monoclonal antibodies kindly pro-
vided by Nichirei Corp. (Tokyo, Japan), as previously described [13].
Cells were cultured in duplicate, and the experiment was repeated
twice with independent preparation of the cells.
2.8. Statistical analysis
Statistical analysis was performed, when necessary, by paired
t-test.
3. Results
3.1. In silico prediction of miRNAs targeting CCN2
In order to ﬁnd out putative miRNAs that regulate CCN2, we ap-
plied a computational analysis designated Targetscan 4.1. Target-
scan predicted ﬁve candidate segments as potential miRNA
targets for miR-26, miR-199, miR-375, miR-19 and miR-18 in the
Ccn2 30-UTR (Fig. 1A). Among them, miR-26, miR-19, and miR-18
were evolutionally conserved in vertebrates (Fig. 1B). For miR-18,
nucleotide sequence alignment among ﬁve vertebrate species is
also presented as Fig. 1C.
3.2. Comprehensive survey by microarray analysis to determine which
miRNAs are down-regulated in chondrocytic cells
Next, to identify the miRNAs induced or reduced in chondro-
cytes, we comparatively analyzed the expression proﬁles of
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microarray technique. HeLa was selected as a control, since it
was undifferentiated and non-chondrogenic, but retained a poten-
tial to be chondrogenic upon the introduction of relevant factors
[14]. As expected, miR-140, which is known to be expressed specif-
ically in chondrocytes [10], was up-regulated in HCS-2/8 cells, sup-
porting the biological signiﬁcance of this analysis. Among the
miRNAs predicted to target Ccn2, miR-26a and miR-199a conferred
high signal intensities in HCS-2/8. In contrast, the other miRNAs
predicted in Targetscan analysis were of relatively low intensities
(Fig. 2A). Next, we computed the fold-differences in the signal
intensities of individual miRNAs between HCS-2/8 and HeLa cells
(Fig. 2B). Since HCS-2/8 cells produces an abundance of CCN2 pro-
tein [15], the high level production of CCN2 protein may be related
to the repressed expression of relevant miRNAs in chondrocytes. In
this analysis, miR-18a expression was found to be most strikingly
repressed in chondrocytic HCS-2/8 among the miRNAs selected.Fig. 2. Expression proﬁle of CCN2-related miRNAs in chondrocytic HCS-2/8 cells. (A)
Signal intensities representing the predicted Ccn2-targeting miRNA expression in
HCS-2/8, which were obtained from four independent hybridizations on the miRNA
microarray. (B) Relative expression levels of the Ccn2-related miRNAs in chondr-
ocytic HCS-2/8 versus HeLa cells. Relative signal intensities from HCS-2/8 against
those from HeLa are represented by fold-differences shown in a logarithmic scale.
Names of miRNAs are displayed in their proper numbers on the abscissa. Solid and
open columns represent the data from the miRNAs with conserved and non-
conserved target sequences, respectively, in the CCN2 30-UTR as illustrated in Fig. 1.
(C) Comparison of signal intensities of miR-18a and miR-140 in chicken sternum
chondrocytes, which was obtained from two independent hybridizations on the
chicken miRNA microarray. Error bars represent standard deviations (S.D.s). Note
that HCS-2/8 and chicken chondrocytes displayed comparable patterns of miR-18a
and miR-140 (chondrocyte speciﬁc: hatched columns) gene expression.However, since HeLa and HCS-2/8 are both tumor-derived cells,
the results above might not represent normal chondrocyte-speciﬁc
events. Therefore, to further conﬁrm that this funding was chon-
drocyte-speciﬁc, we evaluated the expression level of miR-18a in
reference to chondrocyte-speciﬁc miR-140 in chicken normal
chondrocytes. As a result, we obtained a comparable result to that
of HCS-2/8 cells (Fig. 2A and C). Thus, we concluded that miR-18a
was speciﬁcally down-regulated in chondrocytes, and it was cho-
sen for further functional studies.
3.3. Experimental demonstration of a miR-18a target in a region close
to the poly (A) tail in the CCN2 30-UTR
According to the in silico analysis, the miR-18a target was pre-
dicted to be in a region nearby the poly (A) tail in Ccn2 mRNA. To
conﬁrm the involvement of a functional target therein, we uti-
lized a reporter gene assay system with synthetic miR-18a du-
plexes. As a reporter construct, we prepared pGL3SS3, which
included the predicted miR-18a target site (Fig. 3A). A double-
stranded miRNA with partly mismatched bases (Fig. 3B) was de-
signed and prepared as a wild-type mature form of miR-18a. For
unknown reason, introduction of miR-18a resulted in increased
level of the luciferase mRNA, indicating no repressive effect on
mRNA stability (Fig. 3B). However in contrast, the resultant lucif-
erase activity from the SS3 reporter was markedly repressed by
the miR-18a, while that from the control without the target
showed an increase in luciferase activity with miR-18a (Fig. 3C).
As such, consistent with the in silico prediction, a functional tar-
get of miR-18a was experimentally proven to reside in a down-
stream portion of approximately 300 bases in the Ccn2 30-UTR.
Furthermore, translational repression by miR-18a via the target
was strongly suggested.
3.4. Repression of CCN2 production by miR-18a in HCS-2/8 cells
Subsequently, the regulatory function of miR-18a on the endog-
enous Ccn2 gene was evaluated in chondrocytic HCS-2/8 cells. We
investigated the regulation of Ccn2 mRNA by a RT-PCR analysis at
48 h after transfection with miR-18a. At the same time, the cell cul-
ture supernatant was harvested. Quantitative mRNA analysis indi-
cated that miR-18a had no effect on the steady-state level of Ccn2
mRNA, indicating that it did not work either at a transcriptional or
mRNA degradation level in HCS-2/8 cells (Fig. 3D). On the other
hand, ELISA analysis showed that the production of CCN2 protein
was markedly down-regulated by miR-18a (Fig. 3D). Together with
the ﬁndings obtained in the reporter gene assay, this result sug-
gests that miR-18a regulates the Ccn2 gene, not through mRNA
degradation, but predominantly at the translational stage in HCS-
2/8 cells.
3.5. Effect of miR-18a on mature chondrocytic phenotype of HCS-2/8
Since we found miR-18a to be capable of repressing Ccn2, which
promotes chondrocytic differentiation, we analyzed the expression
of chondrocytic marker genes encoding cartilage-speciﬁc extracel-
lular matrix (ECM) components, aggrecan and type II collagen, in
HCS-2/8 cells in the presence or absence of exogenous miR-18a.
Evaluation at 72 h after transfection of the cells with miR-18a indi-
cated that aggrecan mRNA expression was signiﬁcantly repressed
in the presence of exogenous miR-18a (statistically signiﬁcant at
P < 0.05) (Fig. 4A). The expression of Col2a1mRNA displayed a sim-
ilar tendency, although the difference was not signiﬁcant (Fig. 4B).
Conversely, we also attempted to knockdown endogenous miR-18a
with an miR-18a inhibitor (Ambion); however, due to the quite
low basal expression level (Fig. 2), no further reduction in miR-
18a was achieved in HCS-2/8 (data not shown).
Fig. 3. Functional evaluation of the predicted miR-18a target and effects of miR-18a on the steady-state mRNA and protein levels of CCN2 in HCS-2/8 cells. (A) Structure of the
reporter construct. The plasmids pGL3SS3 contained the minor fragment of the HindIII-digested 30-UTR cDNA. A schematic representation of the whole Ccn2 30-UTR cDNA is
shown together with the approximate location of the unique HindIII site, predicted miRNA targets, and previously-identiﬁed cis-repressive RNA elements, CAESAR [8] and 30-
100/50 [9]. Numbers over the 30-UTR box denote approximate nucleotide numbers counted from the ﬁrst nucleotide of the 30-UTR. (B) Structure of the synthetic miR-18a and
the effect on the steady-state reporter mRNA level from pGL3SS3 in HCS-2/8 cells. The ﬁreﬂy luciferase mRNA levels were evaluated by RT-PCR analysis. (C) Effect of synthetic
miR-18a on the luciferase activity from the reporter constructs in HCS-2/8 cells. SS3 represents pGL3SS3 in panel A, whereas L(+) denotes a parental plasmid as a control. The
ﬁreﬂy luciferase activity was standardized against the Renilla luciferase activity from the co-transfected internal control, phRL-TK, and then further normalized to the data of
control experiments in terms of percentages. (D) Steady-state Ccn2 mRNA levels in HCS-2/8 cells and CCN2 protein secreted from HCS-2/8 in the presence or absence of
exogenous miR-18a or a corresponding control (scrambled sequence). HCS-2/8 cells were transfected or not with each synthetic miRNA, and the Ccn2 mRNA level was
evaluated by RT-PCR analysis 48 h later (left). CCN2 protein concentration in the tissue culture supernatant was quantiﬁed by ELISA (right). Open and solid columns denote
the data with controls and miR-18a, respectively. Error bars denote S.D.s.
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In the present study, we found miR-18a to be a CCN2-targeting
miRNA, the expression of which was speciﬁcally repressed in
chondrocytic cells. Although we may not rule out possible involve-
ment of the protein degradation events, the results of reporter gene
analysis and CCN2 ELISA in the presence of miR-18a together indi-
cate that the regulation of CCN2 production is mainly conducted by
a general mechanism of miRNA-mediated translation repression.
In the case of miRNA-mediated regulation, the recruitment of tar-
get mRNAs is carried out by RNA-induced silencing complex (RISC).
However, there are a few other pathways to recruit mRNAs to pro-
cessing bodies (P bodies) under the direct recognition of the target
mRNA by RNA-binding proteins [16]. It should be noted that the
miR-18a target in the Ccn2 30-UTR is located adjacent to the previ-
ously identiﬁed 30-100/50 element, which interacts with nucleo-phosmin to accelerate the speciﬁc degradation of Ccn2 mRNA [9].
Both the miR-18a target and 30-100/50 core sequence are con-
served among vertebrates including chicken and human species,
suggesting indispensable biological roles of these elements
(Fig. 1). Collectively, it is anticipated that these post-transcriptional
regulatory systems mediated by miRNA and RNA-binding proteins
may share common mechanisms, utilizing common molecules that
are related to P bodies. In order to comprehensively describe the
entire post-transcriptional events mediated by the 30-UTR, further
investigation is obviously necessary and is currently underway.
CCN2 is a central conductor of endochondral ossiﬁcation
[5,6,15,17]. Therefore, it is quite convincing that de-repression of
miR-18a-mediated repression of Ccn2 is one of the major molecu-
lar events to permit chondrocytic differentiation. Nevertheless, it is
assumed that altered expression of other miR-18a target genes
may be also involved in yielding the ﬁnal phenotypic changes. In
Fig. 4. Effect of miR-18a on the expression of chondrocytic marker genes in HCS-2/
8 cells. HCS-2/8 cells were transfected with miR-18a or the scrambled-sequence
control, and the mRNA levels of aggrecan core protein (A) and type II collagen (B)
genes were evaluated by quantitative RT-PCR at 72 h after the transfection. Error
bars indicate S.D.s. Difference in the aggrecan mRNA levels between the control and
miR-18a samples (A) was statistically signiﬁcant at P < 0.05.
1010 T. Ohgawara et al. / FEBS Letters 583 (2009) 1006–1010fact, our in silico analysis revealed a number of miR-18a targets,
including estrogen receptor, Smad2, insulin-like growth factor
(IGF)-1, hypoxia inducible factor 1-a (HIF1-a), which are also in-
volved in the growth and differentiation of mesenchymal cells.
Therefore, the role of ccn2 genes in miR-18a-driven regulatory net-
work of chondrocyte differentiation is signiﬁcant, but limited. As
such, effects of miR-18a on the expression of the other genes ought
to be investigated as well.
In conclusion, this study for the ﬁrst time identiﬁed miR-18a
as a critical miRNA that interferes with the presentation of the
chondrocytic phenotype. CCN2 is a major extracellular conductor
of these signaling molecules, whereas miRNAs are intracellular
conductors of a number of mRNAs. For comprehensive molecu-
lar understanding of these processes, not only the protein-
mediated, but also miRNA-mediated regulatory network needs to
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